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Micromechanical modeling studies of composite materials have 
highlighted the need for better characterization of the interface zone in 
composite materials. Bulk behavior in composites has been predicted to be 
strongly influenced by the local elastic properties, residual stresses, 
and adhesion of the interface. Techniques to nondestructively measure 
these newly perceived quantities of importance do not exist". Thus it is 
not possible experimentally to (i) confirm the micromechanical model 
predictions, (ii) explore the relationships between interface properties 
and processing variables, and (iii) ensure acceptable interface properties 
in commercially fabricated composites. We report here the current status 
of a SDIO/ONR funded research program directed at developing experimental 
techniques for characterizing the interface zone in composites through the 
use of ultrasonic interface waves [1]. 
A model composite may be thought of as having either a layered, 
fibrous or particulate configuration. Because we are especially 
interested in the physics near an interface, we concentrate on a single 
reinforcing element embedded in a matrix and thus avoid obscuring and 
complex effects due to multiple scattering. In the layered case, this 
involves two planar half-spaces separated by an interface zone; the 
fibrous model is that of a cylinder surrounded by an interface zone and 
embedded in a matrix. The particulate case is of a similar nature but 
with a spheroidal particle. 
The theoretical framework for interface waves in a composite with a 
single interface has been developed within the context of the theory of 
ultrasonic scattering with one dimension of variability of material 
constants (in the direction normal to the interface). 
We shall illustrate this for the layered (planar) and fibrous 
(cylindrical) geometries. The constitutive relations for such a composite 
take the form: 
aij(~'w) = Cijk~(~'w)~,~(~'w) 
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where £ is the stress, y is the displacement, w is the angular frequency 
and C .. k1 are the elastic constants. These relations comprise the general 
dynamit expression for a linear viscoelastic solid. In the planar 
geometry the elastic constants can represent any anisotropic material; 
however in the cylindrical geometry, rotational symmetry restricts the 
elastic constants to transverse isotropy (hexagonal symmetry) with the 
plane of isotropy perpendicular to the cylinder axis. 
The elastic constants do not vary in the directions parallel to the 
interface (assumed in the planar case to be the x2 and x3 directio~s and 
in the cylindrical case to be the 9 and z directions) but only in the 
direction normal to the interface (xl or r directions). Outside the 
interface zone, we choose both matrix and reinforcement to be homogeneous 
and simply elastic, so that Ciikl(~'w) are constants independent of ~ and 
w (but differing in the two reg10ns). The material inside the interface 
zone, however, may be of a general linear viscoelastic character. 
Conservation relations, yielding three invariants of motion (frequency and 
two slownesses with dimensions of inverse velocity) follow from the 
geometry of the model and the equations of motion. They allow us to 
express the result of any ultrasonic scattering or interface wave 
experiment in terms of the superposition of monochromatic eigenwaves 
characteristic of the composite structure. 
Each of these eigenwaves can be shown to be determined everywhere by 
specifying at any point in the composite its three displacements and three 
displacement derivatives in a direction normal to the interface. The time 
averaged energy flow for an eigenwave can be calculated using the 
conservation equation: 
v·~ = 0 
where ~ is the Poynting vector (Pj = -UijUi) averaged over a cycle, and 
the generalized group velocity can be found from fiE, where E is the 
energy density. Because of the symmetry of the formulation, ~ is 
invariant under shifts parallel to the interface. 
Each eigenwave has a fixed representation in either the matrix or the 
reinforcement. With a plane interface this representation is given in 
terms of six natural plane waves for each region (three incoming and three 
outgoing--only two each way are required for isotropic media.) When the 
slowness of the plane waves are real, they are ordinary plane waves; when 
the slowness is complex, the waves occur in complex conjugate pairs, each 
representing an inhomogeneous wave, one of which decays and one of which 
grows exponentially away from the interface. Such waves always have their 
Poynting vector parallel to the interfaces. Those inhomogeneous waves 
which grow exponentially cannot, of course, exist in an infinite half 
space, but they can exist for some period of time in a zonal layer. In 
the cylindrical geometry, the representation outside the interface zone is 
in terms of potential functions. The eigenwave components within the 
interface zone are obtained by integration of the equations of motion 
which yield simply integrable ordinary differential equations under the 
assumptions we have adopted. 
The relationship between the two representations of the eigenwave in 
the outer regions defines a transformation matrix. Distinguishing the 
incoming from the outgoing components in the eigenwave allows us to write 
down the scattering matrix which, from a different perspective, shows how 
each eigenwave may be thought of as a complete scattering experiment with 
both inputs and outputs. The equation for the scattering matrix then 
derives from 
SII = SoQ, or S = SO-l SI 
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where I is a six dimensional vector (four for isotropy) representing the 
incoming waves (three incoming waves from each the matrix and the 
reinforcement) and Q is the vector describing the outgoing waves. 
Interface waves arise under conditions where the scattering matrix fails 
to exist, i.e. ISol = 0, because, physically such waves need no external 
inputs bringing energy to the interface, but derive from energy sources 
parallel to the interface. When real plane waves are involved in the 
scattering reaction in the planar geometry, the choice of three waves 
bringing energy to the interface and three waves taking it away from the 
interface, makes the distinction of input waves from output waves 
unequivocal. However, when inhomogeneous waves are involved, this 
distinction is blurred, and if all the normal modes in the outside 
anisotropic media are inhomogeneous, there are, in fact, 26 = 64 possible 
scattering matrices depending on which of each of the six complex 
conjugate pairs, representing inhomogeneous waves in both media, are 
chosen as incoming waves and which are chosen as outputs. Only one of the 
64 possibilities, of course, will have all six slownesses chosen so that 
the output wave decays on both sides of the interface. 
The solution of the determinant equation ISol = 0 yields not only 
waves with real velocities, but also complex velocities. As indicated 
earlier, true eigenwaves with real velocities have their Poynting vectors 
invariant under shifts parallel to the interface. Indeed, a shift in any 
time or space direction (e.g., t + a and Xz + b) only induces a unitary 
change of phase in the displacements (e.g., exp[iw(a - b/vz )] for a wave 
of velocity Vz whose slowness vector is orthogonal to the Xl direction). 
However, if the velocity is complex, this shift is no longer unitary and 
such 'eigenwaves' either exponentially decay or grow in the direction of 
motion. Those which decay in the direction of motion are designated as 
'leaky' modes. A schematic energy flow diagram for a leaky interface mode 
is shown in Figure 1. 
We discuss here only those waves associated to a discrete interface 
without interface zone in the isotropic planar and cylindrical geometries 
with the further restriction to radial-axial modes (those independent of 
B) in the cylindrical geometry. 
Planar Geometry 
Experimental measurements were correlated with calculations for a 
titanium/steel system having a planar interface. Samples of AISI 4340 
steel approximately 18 cm x 9 cm x 3 cm were heat treated to produce 
various elastic moduli and subsequently polished to a 30 micron finish. 
They were used as a base plate for Rayleigh wave generation. Samples of 
Ti-6AI-4V rolled plate of size approximately 4 cm x 4 cm x 2 cm were also 
polished to a 30 micron finish and used to create the desired interface by 
placing it upon the appropriate base plate under compression. The 
titanium plate contained a rolling texture. By rotating the titanium 
plate 90· on the steel base plate, it could be oriented so that the 
rolling direction was either parallel or perpendicular to the direction of 
interface wave propagation with a consequent change in shear modulus in 
the direction of interface wave propagation. 
Two machined aluminum wedges were placed into a sliding mount so that 
contact was made with the specimen through the knife-edge surfaces of the 
wedges. Longitudinal waves were piezoelectrically generated and 
propagated through one wedge. Mode conversion to a Rayleigh wave occurred 
at the point of contact between the knife-edge and specimen surface. 
Rayleigh wave detection at the second wedge was accomplished through a 
similar mode conversion to a longitudinal wave. 
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Fig. 1. Transfer of energy by a leaky mode through a composite and across 
an interface with normal n. No energy travels perpendicular to 
the Poynting vector, £, which represents the power flow during 
a cycle across a unit area perpendicular to ~. 
The titanium/steel interface was created through the application of 
compressive stress. The deduced interface velocity rose with increasing 
pressure to an asympotic value. Experimental results are summarized in 
Table I. Measurement precision was ±S ms- 1 for Rayleigh waves and 
±lS ms- 1 for interface waves except where noted. All predicted values lie 
within the measurement error band except Case IA which is being rerun. 
Figure 2 shows the calculated variation of interface wave velocity 
with varying steel shear velocity when all other material parameters are 
held constant at the values given in case IB of Table I, and Figure 3 
shows the growth or decay exponent for each type of wave together with the 
attenuation (see below) for the leaky wave. Although there are slight 
variations in density and longitudinal velocity of the steel in the four 
cases shown in Table I, these were found to produce negligible effects on 
the interface modes . Four interface wave types are predicted (both in 
this case and in that where the titanium block is oriented perpendicular 
to the rolling direction). 
As shown in Figure 3, the rate of exponential decay for the Stoneley 
wave into the steel varies with the shear wave speed in steel, increasing 
with decreasing shear velocity while the rate of decay in the titanium 
decreases with decreasing shear velocity. The two rates appear to be 
equal when the shear velocities are equal. As the shear velocity in the 
steel decreases, the Stoneley wave extends farther into the steel while 
decaying faster in the titanium. At a certain shear velocity, the rate of 
decay in the steel becomes zero; at which point the interface wave is no 
longer a Stoneley wave and the matrix governing the existence of interface 
waves requires a different interpretation of incoming versus outgoing 
waves. Another way of describing this situation has been to interpret the 
interface phase velocity as found from the determinant interface equation 
as a function of multivalued functions , in which case one is crossing to a 
new branch of one of the multivalued functions [2,3] . Below the 
'bridging' shear velocity in steel, a nonattenuating interface wave with 
real velocity and Poynting vector parallel to the interface can still 
theoretically exist, but its displacement and energy content increase 
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Table I Interface wave velocities for four different microstructures in 
4340 steel and two different orientations of a block of rolled 
Ti-6Al-4V . 
4340 STEEL PROPERTIES STEEL/TITANIUM' DUPLEX PLATE 
Long Shear Roiling Predicted 
Microstructure Density Velocity Velocity Case Direction Wave 
(kg/m3) (m/s) (m/s) No. of TI Plate Type 
Fine Pearlite 1A 1. Stoneley 
(Held at 1200F) 7840 5952 3250 Leaky 1B II In TI 
Tempered 2A 1. Divergent In Steel Martensite 7805 5868 3170 
(Quenched and Temp.) 2B II Stoneley 
3A 1. Divergent Bainite 7817 5869 3175 In Steel (Air cooled) 3B II Stoneley 
Fine Pearlite 4A 1. Stonelay 
(As Recelved- 7839 5934 3235 Leaky Hot Rolled) 4B II In TI 
'Density of TI-6AI-4V = 4430 kg/m3, 
Longitudinal velocity of TI-8AI-4V= 6287 mls In both directions 
Shear velocity of TI-6AI-4V: { Perpendicular to roiling direction (1.) = 3287 mIs, 
Parallel to roiling direction (II) = 3171 m/s. 
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3.30 
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3217± 15 3247 
3217± 15 3232 
3216±55 3170 
3186 ± 15 3162 
3221 ±55 3175 
3162 ± 15 3186 
322h:15 3233 
3206± 15 3218 
3.40 3.50 
Fig. 2. Interface wave velocity versus shear velocity in duplex block of 
4340 steel and Ti-6Al-4V using fixed derisities and elastic wave 
velocities from case IB of Table I except for the shear velocity 
in the steel, which is allowed to range over values encompassing 
all measured cases. 
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Fig. 3. Growth/decay exponent and attenuation for the interface waves 
shown in Fig. 2. For leaky and divergent waves, the exponent 
is only shown on the side of the interface where exponential 
growth occurs. 
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indefinitely on one side of the interface. Due to the infinite growth on 
the steel side, this wave would necessarily be restricted in the steel to 
a zone near the interface. The experimental results of Table I do not 
give a clear indication of the existence of such waves. Figure 2 
indicates that waves diverging on the titanium side of the interface are 
also theoretically possible. Such waves were, also, not detected. 
On the other hand when the shear velocity of the steel increases vis-
a-vis that of the titanium, the displacements and energy flow tend to 
increase in the titanium vis-a-vis those in steel. Again, at a certain 
point exponential decay in the titanium ceases. For steel shear 
velocities above this value, a somewhat different situation occurs, as the 
solution for the interface velocity turns complex. Interface waves 
associated to such complex velocities are leaky waves and not only grow 
exponentially on (at least) of the interface, but decay exponentially in 
the direction of motion. The displacements of such a wave associated to 
case IB in Table I are shown in Figure 4. In this case the decay of the 
displacements in the direction of motion is also shown. In the planar 
case the expressions for exponential behavior away from the interface are 
exact and occur throughout one of the half spaces; in the cylindrical 
case, the exponential decay in the radial direction is only asymptotic. 
It follows from the above that there is one direction inclined to the 
interface where the exponential growth away from the interface is exactly 
compensated (at least asymptotically) by the exponential decay in that 
direction. This direction is also the (asymptotic) direction of the 
Poynting vector, and in that direction there is neither exponential growth 
nor decay. The energy flow for such waves, then, is not along the 
interface, but leaks away from the interface. Such leaky modes may be 
thought of as inhomogeneous modes exponentially decaying in a direction 
normal to a surface which in the planar case is the half plane generated 
by the line of the wave front along the interface and the Poynting vector, 
and in the cylindrical case is asymptotic to an annular cone. As in the 
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Fig. 4. Displacement field for a leaky wave in a 4340 stee1/Ti-6Al-4V 
duplex block. Shear velocity of steel = 3250 mls and shear 
velocity of titanium block = 3171 m/s. Displacements above 
the energy flow line are not plotted . 
case for divergent waves, these waves would exist only in a zone below 
such a surface; they can only be expected to arise, then, at a discontin-
uity, such as the junction of the titanium and steel plates. An example 
of such a leaky wave was reported at a previous meeting for a stainless 
steel cylinder embedded in aluminum [4]. The results of Table I indicate 
that these leaky waves also exist in the planar titanium/steel configura-
tion. 
Cylindrical Geometry 
If the above model of energy leakage is correct, then it should be 
possible to detect this leaked energy. This experiment has been carried 
out in the cylindrical geometry for the aluminum/stainless steel system. 
In the cylindrical geometry, the motion can be shown to be a function 
of the product ro·f--where ro is the radius of the interface and f is the 
frequency--not ro or f separately . 
Table II lists the three principal weakly leaking modes for the 
aluminum/steel system at three values of radius times frequency. In addi-
tion to the velocities is listed the attenuation of each of the leaky 
waves. 
To determine the amount of attenuation along the interface of a 
radial-axial leaking mode in the cylindrical geometry, express the 
equation for the mode as ~(z,t) = ~o(r) exp[i(wt-kz)], and introduce the 
factor ~o = wro = 2~rof. Let the complex velocity v = vR + ivI . One can 
then define the quantity : 
-20 log10 [exp[-vI~O/(V~ + V~)rof)]) = 40~Ilog10(e)/(v~ + V~) 
as the attenuation coefficient . It represents the exponent governing the 
decrease in wave amplitude per unit frequency and per unit distance along 
the interface. 
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Table II Three prominent leaky modes for steel fibers in an aluminum 
matrix. The modes are given for three values of frequency times 
radius, and the attenuation in the axial direction is given by 
dB per radius unit (i.e., distance along axis/fiber radius). 
AllMINtM- -STEEL 
RADTIlS X :FRFQJENCY [mn x MHz] 
8 16 32 
M:DE V A V A V A 
I 3.18 1.3 x 10-3 3.180 6.0 x 15-4 3.18 3.0 x 10-4 
II 4.855 0.026 4.438 3.3 x 10-3 4.31 7.2xlO- 4 
III 5.05 0.026 <;1-- cut off at 8.64 [MHz x mn] --;::. 
Density of Aluminum p = 2770 Kg/m3 ; Longitudinal Velocity 
of Al = 6.323 [mm/~s]. Shear !elocity of Al = 3.10 [mm/~s]. 
Density of Steel p = 7900 Kg/m; Longitudinal Velocity of 
Steel = 5.92 [mm/~s]. Shear Velocity of Steel = 3.25 [mm/~s]. 
V = velocity of interface wave [mm/~s]. A = attenuation in 
dB/(mm x MHz). 
Experiments in the cylindrical geometry were conducted using a 
stainless steel rod of 3.2 mm radius embedded in an aluminum matrix of 
25 mm radius by shrunk fitting. The length of the interface was 60 mm. 
In order to measure leakage, surface wave wedges driven by 2.5 MHz 
transducers were used to generate interface waves by mode conversion. A 
broadband conical transducer with 1.5 mm tip and using a silicone couplant 
was employed to detect normal displacements at the outer surface. The 
tangential components were detected using a shear wave transducer placed 
on a cone shaped waveguide of 1 mm tip width. 
In Figure 5 is shown the theoretically computed displacement curves 
and the superimposed results of the surface measurements for each of the 
three modes listed in Table II. Note that the energy, as obtained by 
integrating the Poynting vector, does not follow a straight line path as 
for the planar interface. In other systems, such as aluminum/boron or 
aluminum/silicon carbide the path can be very curved and complex, leading 
to an apparent shift in the emergence point of some leaky modes. This is 
a new effect due to the curvature of the interface and is of a different 
nature than the Goos-Hanchen shift [5,6], observed for a bounded beam at 
optical interfaces, or the Schoch effect [7,8] observed for planar 
interfaces in the vicinity of the critical angle of a reflected acoustic 
beam. Here, the observed shift due to curvature of the energy flow path 
is frequency dependent, and, generally, is larger at lower rof values. 
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Fig . 5. Experimental identification of radial-axial leaky modes created 
in a sample of a 32 mm radius stainless steel rod in a 25mm radius 
aluminum cylinder of 60 mm length by mode conversion . 
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